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The risk of exposure to increased ionizing radiation from radon was assessed for two
groups of people who spend time, either for work (employees serving these visitors, mainly
guides) or leisure (members of the public e visitors), in underground tourist facilities: Bear
Cave in Kletno, the Gold Mine complex in Złoty Stok and the Underground Educational
Tourist Route in the Old Uranium Mine in Kletno. These facilities had been chosen due to
their location within the Sudetes, the most radoneprone area in Poland, and because of
continuous radon activity concentration measurements conducted there since May 2008 to
the end of January 2012. The selected facilities also meet the criteria for a radiation hazard
workplace set by Polish law.
The annual limit of the effective ionizing radiation dose allowed for employees in
Poland, which is 20 mSv/year, is exceeded for guides working in all the facilities. Also,
according to Polish radiological protection regulations, their working conditions qualify
them as exposed workers of category A or B. After a month's work, guides receive the
annual effective radiation dose allowed for category B workers (>1 mSv/year) and after a
few months e an annual effective radiation dose allowed for people employed in category
A conditions (>6 mSv/year). Members of the public spending no longer than one hour in-
side each facility are at risk of receiving small effective radiation doses, ranging from 0.001
to 0.2 mSv/h.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Ionizing radiation exposure from radon in
workplaces
Due to its ability to emit natural alpha ionizing radiation,
radon is a source of real hazard in every workplace. This@pwr.edu.pl.
gyptian Society of Radiat
iety of Radiation Sciences
cense (http://creativecomhazard increases with the rise in the values of radon activity
concentration recorded in these environments. There is a
possibility of defining the level of such hazard to the human
organism from this natural radionuclide in any workplace.
Such assessment is based on the effective radioactive dose
expressed in Sv (sieverts) estimated from 222Rn activity con-
centration in the air of the studied space [Bq$m3], the ratio of
the number of conversion emitted per unit time (conversionion Sciences and Applications.
and Applications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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active equilibrium between 222Rn and its shortelived progeny
(UNSCEAR, 2000; Gillmore, Phillips, Denman, Sperrin, &
Pearce, 2001; Kavasi et al., 2009, 2010; Sainz, Quindos,
Fuente, Nicolas, & Quindos, 2007; Papachristodoulou, Patiris,
& Ioannides, 2010; Due~nas, Fernandez, Ca~nete, Perez, &
Gordo, 2011).
Polish law defines the annual limit of effective radiation
dose allowed for employees and members of the public and
specifying the categories of exposure to which employees
working in conditions do not correspond to regulations on
radiological protection, safety and health at work should be
allocated (Regulation, 2005; Ustawa, 2000). The allowable
annual limit of effective radiation dose is different for each
designated group e 1 mSv/year for members of the public
(Regulation, 2005; art. 5, para. 1) and 20 mSv/year for em-
ployees (Regulation, 2005; art. 2, para. 1). Based on the level of
effective radiation dose received in a year, employees are
allocated to category A or B of occupational exposure. Cate-
gory A represents the risk of receiving an effective radiation
dose greater than 6 mSv/year, while category B e a dose
greater than 1 mSv/year. The purpose of this classification is
to enable employers to properly choose the principles of
dosimetry measurements used for further assessment and of
monitoring employee exposure levels (Ustawa, 2000; c. 3, art.
17, para. 3 & 4).
In Poland, unit heads are obliged by law to monitor and
assess ionizing radiation exposure in workplaces whose work
environments meet strict criteria (Ustawa, 2000). According to
Atomic Law, professional activity carried out in mining com-
panies, health resorts, caves and other underground spaces is
such a criterion (Ustawa, 2000; c. 3, art. 23, para. 3.1). Despite
the existence of appropriate guidelines, measures aimed at
defining the level of increased ionizing radiation exposure are
taken only in one type of workplace meeting the defined
criteria, i.e. in underground mining (Kisiel, 2007; Kisiel et al.,
2010; Komosa, Chibowski, Klimek, & Chałupnik, 2004;
Olszewski, 2006; Olszewski, Chruscielewski, & Jankowski,
2005; Skubacz & Bywalec, 2003). Other companies, despite
meeting the exposure conditions defined by the regulations,
are not subject to regular inspection. This problem is partic-
ularly significant due to a growing interest in such spaces and
these more andmore frequent adaptation to newworkplaces,
referred to as underground spas and inhalatoriums or un-
derground tourist routes, both in Poland (Olszewski et al.,
2005; Olszewski, 2006; Przylibski, 1999, 2001, 2010; Przylibski
et al., 2010; Przylibski & FijałkowskaeLichwa, 2010;
FijałkowskaeLichwa & Przylibski, 2011; FijałkowskaeLichwa,
2012, 2014) and in other countries (Calin & Calin, 2010; Cevik,
Kara, Celik, Karabidak, & Celik, 2011; Duenas, Fernandez, &
Canete, 2005; Espinosa, Golzarri, VegaeOrihuela, &
MoraleseMalacara, 2013; Gillmore et al., 2001; Kavasi et al.,
2010; Somlai, Kavasi, Szabo, Varhegyi, & Kovacs, 2007, 2011;
). By 2010, as many as 75 underground tourist routes had been
catalogued in Poland, including 15 situated in the country's
most radoneprone area (FijałkowskaeLichwa & Przylibski,
2011; FijałkowskaeLichwa, 2012, 2014; Przylibski &
FijałkowskaeLichwa, 2010).1.2. Study objects
The selected underground facilities are located in two
geological units of the Western Sudetes in Poland (Fig. 1A, B).
There are mountain ranges of the crystalline Snie _znik Massif,
represented by the western and northewestern slopes of the
StromaMassif and the northern part of the GoldenMountains
(Fig. 1B).
Two of the subjects are the mining excavations and
smelting operations carried out in Kletno and Złoty Stok
(Fig. 1D; Gustaw, 2005; Cie˛ _zkowski&Krahl, 2001; Plantos, 1997;
Mikos, Salwach, Chmura, & Tichanowicz, 2009; Zago _zd _zon &
Zago _zd _zon, 2010), while the second is a natural underground
facility, which was discovered as a result of mining activity in
the marble quarry Kletno III (Fig. 1C; Pulina, 1977; Cie˛ _zkowski,
1989, 1996; Kozłowski, 1989). The plan of the Underground
Educational Tourist Route in the Old Uranium Mine in Kletno
has been published by FijałkowskaeLichwa (2014).
Bear Cave was opened as a tourist venue in 1983 and since
then every year it is visited by about 70 000 tourists
(Cie˛ _zkowski, 2006). The Gold Mine complex in Złoty Stok is
known as underground tourist route since 1996 (Plantos, 1997;
Przylibski, 2001). The Underground Educational Tourist Route
in the Old UraniumMine in Kletno was a part of the 'Kopaliny'
mine. It was opened to visitors in 2002. In the 50's of the last
century thismine extracted first uraniumores, and the second
by fluorite's deposits (Cie˛ _zkowski & Gustaw, 2007; Cie˛ _zkowski
& Krahl, 2001; FijałkowskaeLichwa, 2014).
The description of selected facilities at these sites can be
found in many published works by Przylibski (1999) (2001)
(2010); Przylibski et al. (2010); Przylibski and
FijałkowskaeLichwa (2010); FijałkowskaeLichwa and
Przylibski (2011); FijałkowskaeLichwa (2014).2. Material and methods
The exposure assessment was based on estimated levels of
the effective radiation dose that could be received by any
member of the public and an employee staying inside the fa-
cility for a particular period of time. In order to identify the
level of ionizing radiation exposure in the selected under-
ground tourist facilities of the Sudetes each estimated dose of
ionizing radiation, in a measuring points, for the time periods
of radon activity concentrations measured, were compared
(Tables 1e7). In order to calculate the annual effective doses of
ionizing radiation to which guides and visitors were exposed
on the selected underground tourist routes, it was used results
of radon activity concentration measurements, recorded on a
hourly basis for a measurement time periods.
2.1. Measurement location
The assessment of ionizing radiation exposure from radon
and its decay products was conducted in three underground
workplaces meeting the criteria of occupational exposure set
by the regulations of the Polish Atomic Law (Ustawa, 2000; c. 3,
art. 23, para. 3.1): Bear Cave in Kletno, the Gold Mine complex
Fig. 1 e Plan of tourist route in Bear Cave in Kletno (A) and in Gold Mine complex in Złoty Stok (B) with indicated SRDNe3
probes (D) and plotted sites of 222Rn activity concentration measurements on a geological sketch of Sudetes based on
Cwojdzinski & Kozdroj, 2007 (C).
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in the Old Uranium Mine in Kletno.
In Bear Cave in Kletno, effective radiation doses were
determined based on radon activity concentrations obtained
from July 2008 to the end of January 2012 at three measure-
ment points (in Lion Hall, Explorers' Corridor and Palace Hall)
placed along the tourist route (Tables 1e3, 5). The failure of a
semiconductor detector (SRDNe3 No 6) located in Palace Hall
in July 2010, was the reason why between July 2010 and June
2011 the values of effective radiation dose based on radon
activity concentration only for the two measuring points in
Bear Cave were estimated (Table 4).
In The Gold Mine complex in Złoty Stok, effective radiation
doses determination was based on the results of radon ac-
tivity concentration measurements performed between June
2010 and the end of May 2011 at two measurement points:
Black Adit and Gertruda Adit (Table 6).
In the Underground Educational Tourist Route in the Old
Uranium Mine in Kletno, effective radiation doses wereestimated for 7month results of radon activity concentrations
conducted between June 2008 and December 2008 (Table 7).
In Bear Cave in Kletno three SRDN3 probes were placed
along the underground tourist route. In order to protect the
measurement equipment in the Underground Educational
Tourist Route in the Old Uranium Mine in Kletno and in two
adits of The Gold Mine complex in Złoty Stok, the measure-
ment points were chosen in a way thatmade them invisible to
visitors.
2.2. Radon measurements
The measurements had been performed with the use of
semiconductor probes SRDNe3 manufactured in cooperation
with the Institute of Mining Engineering, Wrocław University
of Technology and the Institute of Chemistry and Nuclear
Technology in Warsaw. An account of the operation principle
of the probes, together with the outcomes of their application
for environmental measurements was published by Przylibski
Table 1 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2008 and June 2010 at first measuring point
(Lion Hall) on the tourist route in Bear Cave in Kletno. Symbols: Mean e arithmetic mean, it was calculated at the time, when selected facility was open to visitors. SE e
standard error of the arithmetic mean.
SRDN3 no. 4
(Lion Hall)
222Rn value
Range
Mean
value
of222Rn
mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value of
ionizing
radiation
Dose received
during 1 h
mean ± SE
Standard
deviation
SD
Maximum
value
of ionizing
radiation
dose received
during 1 h
Mean value
of ionizing
radiation
dose
received each
season of
the year
mean ± SE
Standard
deviation
SD
Minimum
value of
ionizing
radiation
dose
received
each season
of the year
Maximum
value of
ionizing
radiation
dose
received
each season
of the year
Month Comparison
of the year
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
Minimum Maximum
July 2008/2009 2420 4566 3502 ± 24 405 216 0.01 ± 0.0001 0.002 0.02 2.9 ± 0.02 0.3 2.0 3.7
2009/2010 2420 5102 3687 ± 27 455 0.01 ± 0.0001 0.002 0.02 3.0 ± 0.02 0.4 2.0 4.2
August 2008/2009 2379 4772 3510 ± 27 449 208 0.01 ± 0.0001 0.002 0.02 2.8 ± 0.02 0.35 1.9 3.7
2009/2010 2297 4772 3599 ± 27 445 0.01 ± 0.0001 0.002 0.02 2.8 ± 0.02 0.35 1.8 3.7
September 2008/2009 2639 6547 2639 ± 115 1882 168 0.01 ± 0.0004 0.007 0.02 1.7 ± 0.07 1.2 0.06 4.15
2009/2010 2090 5226 3795 ± 33 540 0.01 ± 0.0001 0.002 0.02 2.4 ± 0.02 0.3 1.3 3.3
October 2008/2009 94a 9352 3948 ± 96 1606 184 0.015 ± 0.0004 0.006 0.04 2.7 ± 0.07 1.1 0.065 6.5
2009/2010 94a 12901 3386 ± 134 2242 0.01 ± 0.0005 0.008 0.05 2.3 ± 0.09 1.6 0.065 8.95
November 2008/2009 94a 10054 2806 ± 133 2181 128 0.01 ± 0.0005 0.008 0.04 1.4 ± 0.06 1.1 0.045 4.85
2009/2010 192 8321 3349 ± 112 1846 0.01 ± 0.0004 0.007 0.03 1.6 ± 0.05 0.9 0.09 4.0
December 2008/2009 94a 10343 2007 ± 156 2598 40 0.008 ± 0.0006 0.01 0.04 0.3 ± 0.02 0.4 0.01 1.6
2009/2010 275 8651 2555 ± 128 2143 0.01 ± 0.0005 0.008 0.03 0.4 ± 0.02 0.3 0.04 1.3
January 2008/2009 94a 10343 2007 ± 156 2598 90 0.008 ± 0.0006 0.01 0.04 0.7 ± 0.05 0.9 0.03 3.5
2009/2010 894 5185 1839 ± 50 835 0.007 ± 0.0002 0.003 0.02 0.6 ± 0.02 0.3 0.3 1.8
February 2008/2009 94a 10302 2155 ± 111 1763 160 0.008 ± 0.0004 0.007 0.04 1.3 ± 0.07 1.1 0.06 6.2
2009/2010 935 7991 3100 ± 92 1459 0.01 ± 0.0003 0.006 0.03 1.9 ± 0.06 0.9 0.6 4.8
March 2008/2009 94a 10302 3997 ± 120 2009 136 0.015 ± 0.005 0.008 0.04 2.0 ± 0.06 1.0 0.05 5.3
2009/2010 564 7454 3739 ± 75 1261 0.01 ± 0.0003 0.005 0.03 1.9 ± 0.04 0.6 0.3 3.8
April 2008/2009 94a 10095 5992 ± 87 1428 176 0.02 ± 0.0003 0.005 0.04 4.0 ± 0.06 0.95 0.06 6.7
2009/2010 2379 7331 4370 ± 66 1091 0.02 ± 0.003 0.004 0.03 2.9 ± 0.04 0.7 1.6 4.9
May 2008/2009 2214 8445 4911 ± 60 1005 208 0.02 ± 0.0002 0.004 0.03 3.9 ± 0.05 0.8 1.7 6.6
2009/2010 2090 7867 4986 ± 61 1023 0.02 ± 0.0002 0.004 0.03 3.9 ± 0.05 0.8 1.6 6.2
June 2008/2009 1802 8032 4411 ± 60 986 192 0.02 ± 0.0002 0.004 0.03 3.2 ± 0.04 0.7 1.3 5.8
2009/2010 3122 6217 4365 ± 37 602 0.02 ± 0.0001 0.002 0.02 3.2 ± 0.03 0.4 2.3 4.5
Estimated dose value [mSv/year] 2008/2009 ~27.0 e >7.0 >55.0
2009/2010 ~27.0 e >10.0 >50.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3 probe No. 4 (Przylibski et al., 2010).
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(Institute of Nuclear Physics, Polish Academy of Sciences,
Krakow, Poland), the calibration of SRDN3 probes was per-
formed. The measurements were conducted using a radon
calibration facility. The main part of the post is a radon
chamber and another important component is a certified
radon source (PYLON Electronic Development Co., Canada)
(Kozak et al., 2003).
In each of selected measuring points the probes were
mounted on tripods, at the height of about 1 m above the floor
of the working (FijałkowskaeLichwa & Przylibski, 2011). The
222Rn activity concentration was recorded at 1-h intervals,
which enabled logging 24 results a day together with the
values of air temperature and relative humidity around the
probe. This device powered by two lithium batteries type
LSHe20, 13Ah. The lower detection limits of SRDN3 probes
for a 60-min data recording mode, the maximum measurable
222Rn activity concentration and the calibration coefficient are
about 90.0 Bq$m3, about 157.0 MBq$m3 and about 35e45 Bq/
m3/imp./h respectively, (Przylibski et al., 2010). The value of
the low limit detection is depending on the probe, which in-
dicates different serial number (from 1 to 9).
Determination uncertainty for SRDN3 probes adopted
after device calibration at the 1d. The error of measurement
reaching 2139% values of 222Rn concentration determination
performed by SRDN3 probes close to detection threshold,
which is 94.0 Bq$m3 for SRDN3 No. 4 (located in Lion Hall),
96.3 Bq$m3 for SRDNe3 No. 5 (located in Explorers' Corridor)
and 95.0 Bq$m3 for SRDNe3 No. 6 placed in Palace Hall in Bear
Cave in Kletno to the end of December 2010. After that
SRDN3 probes in Bear Cave in Kletno, were changed. In
January a new set of measurement consisting of three new
SRDN3a probes, was used. The values of 222Rn concentration
determination performed by calibration SRDN3a probes
were close to detection threshold, which is 83.6 Bq$m3for
SRDN3a No. 7, 82.8 Bq$m3 for SRDN3a No. 8 and 62.7
Bq$m3 for SRDN3a No. 9 respectively, located in Lion Hall,
Explorers' Corridor and Palace Hall.
The detection limit for two SRDN3 probes placed to the
end of May 2010 in the Underground Educational Tourist
Route in the Old Uranium Mine in Kletno was 96.5 Bq$m3 for
SRDN3 No. 2 and 94.8 Bq$m3 for SRDN3 No. 3. In June 2010
these probes were located in The Gold Mine complex in Złoty
Stok respectively in Black Adit and Gertruda Adit.
In the order of thousands Bq$m3 the determination un-
certainty clearly decreases, reaching 7.512.0% of the mea-
surement value (Przylibski et al., 2010).2.3. Effective radiation dose
An effective radiation dose was defined in compliance with
UNSCEAR guidelines (2000) taking into account a dose coming
from 222Rn and its progeny received through inhalation and a
dose dissolved in blood as a result of the absorption of 222Rn
and its progeny (Due~nas et al., 2011; Gillmore et al., 2001;
Kavasi et al., 2010; Papachristodoulou et al., 2010; Sainz
et al., 2007).
The exposure assessment was based on estimated levels of
the effective radiation dose that could be received by anymember of the public or an employee staying inside the fa-
cility for a particular period of time.
In compliance with UNSCEAR guidelines (2000), the total
value of effective radiation dose was defined for every hour
when the facilities were open to visitors. As it was necessary
to compare the obtained values with the values specified by
Polish law, effective hourly radiation doses were estimated for
50 months in Bear Cave in Kletno, 12 months in the Gold Mine
complex in Złoty Stok and 7 months in the Underground
Educational Tourist Route in the Old UraniumMine in Kletno.
Based on this, the probability of exposure was established
both for tourists visiting the facilities not more often than
once a year for a period no longer than a site tour (up to 1 h),
and the guides staying in the facilities all the time when they
are open to visitors (Tables 1e7).
An effective radiation dosewas defined in compliance with
UNSCEAR guidelines (2000) taking into account a dose coming
from 222Rn and its progeny received through inhalation (1) and
a dose dissolved in blood (2) as a result of the absorption of
222Rn and its progeny.
Et ¼ CRn222$F$EiCF (1)
where:
Et e effective dose resulting from the absorption of
222Rn
and its progeny through inhalation [mSv/h],
CRn-222 e
222Rn activity concentration [Bq$m3],
F e coefficient of radioactive equilibrium between 222Rn
and its decay products [e]. The value of 0.4, recommended
for this type of structures, was adopted if it was not
measured directly (Gillmore et al., 2001; Kavasi et al., 2010),
EiCF e conversion coefficient per dose; UNSCEAR's (2000)
value of 0.000009 mSv/Bq$h/m3 was adopted.
Eb ¼ CRn222$EbCF (2)
where:
Eb e effective dose resulting from
222Rn absorption and its
dissolution in blood [mSv/h],
EbCF e conversion coefficient per dose; UNSCEAR's (2000)
value of 0.00000017 mSv/Bq$h/m3 was adopted.
To estimate the radiation effective dose used results of the
monitoring of 222Rn activity concentration in the air of each of
selected underground places. The measurements were con-
ducted continuously.
Themethod, whichwas used to estimate values of ionizing
radiation dose was described in detail and published by Fijał-
kowska-Lichwa (2014).3. Results and discussion
In order to assess the radiation exposure of employees and
members of the public, all the estimated effective ionizing
radiation doses were used. However, only the maximum
doses, making it possible to present the conditions which in
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least advantageous for guides and tourists, were considered
representative for the studied facilities. In the final assess-
ment of exposure of every person present inside these facil-
ities, the following factors were used and compared:
✓ allowable annual limits of effective ionizing radiation
doses defined by Polish law for employees (20 mSv/year)
and the general public (1 mSv/year) (Regulation, 2005),
✓ categories of employees (category A > 6 mSv/year or cate-
gory B > 1 mSv/year) working in conditions of increased
radiation exposure (Ustawa, 2000),
✓ opening times of the facilities (accessibility to visitors),
✓ guides' working time per year,
✓ method of ventilation used in each underground structure,
✓ radon activity concentration evolution during the mea-
surement time periods (seasonal and short-term changes),
✓ the level of increased ionizing radiation exposure in each of
investigated underground objects at the time of measure-
ments (July 2008eJanuary 2012).
The assessment of exposure to increased ionizing radia-
tion from radon was performed separately for guides and
visitors (Tables 1e7). The calculations took into account the
duration of timewhen each facilitywas open to visitors. It was
assumed that the daily working time of a guide in a particular
facility was equal to the time when this facility was open to
visitors, while the duration of a visitor's stay was equal to the
duration of a site tour, i.e. 1 h.
3.1. Bear Cave in Kletno
From July 2008 to the end of January 2012, Bear Cave in Kletno
was open to the public from 8:40 a.m. to 4:40 p.m. For the
needs of this assessment, it was assumed that the opening
time was from 9 a.m. to 5 p.m., i.e. 8 h per day. Guided tours
were available for 5 days a week (except Mondays and
Thursdays). Depending on the number of visitors, the route
was staffed by 2e4 guides. Working 8 h a day for 239 days a
year, each guide could spend up to 1912 h per year in the fa-
cility. With such assumptions, the least advantageous, from a
radiological protection point of view, estimated effective ra-
diation dose was received by the employees staying near the
measurement point in Lion Hall. The average dose was about
27 mSv/year in the first and second year of conducted mea-
surements (Table 1). In the Explorers' Corridor the estimated
effective radiation dose received between July 2008 and June
2009 was about 22 mSv/year and more than 21 mSv/year be-
tween July 2009 and June 2010 (Table 2). In Palace Hall (Table 3)
the estimated effective radiation dose was comparable and
reached more than 22 mSv/year in both years of measure-
ments. Thus, the allowable annual limit of the effective
ionizing radiation dose received by employees was slightly
exceeded at each measurement point in the cave. During
seven months of measurements between July 2010 and the
end of January 2011 in Bear Cave in Kletno high values of
effective radiation dose were also estimated in Lion Hall
(Table 4). This was noted from July 2010 to the end of October
2010 (Table 4; Fig. 4). A different situationwas observed in 2011
(see Fig. 5). The highest values of effective radiation dose werea few times noted in the colder period of the year, but the
relative values of effective radiation dose were on the same
level both in 2010 and in 2011 (Figs. 4e5).
After a month's work, the guides in Bear Cave in Kletno
had received a radiation dose that was almost twice as high
as the effective dose allowed for category B employees
(Ustawa, 2000). Again, after a few months' work, their expo-
sure was higher than the effective radiation dose allowed for
category A workers (>6 mSv/year). This situation was
observed in each measurement period (Tables 1e5; Figs. 2e5).
The work done by exposed employees of both categories
should certainly be strictly monitored. The Atomic Law
specifies that dosimetry measurements performed in the
workplace are the proper method of monitoring category B
workers and recommends individual dosimetry for category
A workers. Every employee allocated to either category
should have a valid medical certificate authorizing them to
work in conditions of ionizing radiation exposure. Also, pe-
riodic medical examination of every employee, regardless of
the exposure category, should be performed and supervised
by an appropriately qualified occupational medicine physi-
cian referred to by the law as an ‘authorized physician’
(Ustawa, 2000, c. 3, art. 10).
According to the current Polish radiological protection
regulations, the probability of radiation exposure of tourists
visiting Bear Cave in Kletno for periods no longer than 1 h per
day, usually once a year, is minimal. During a 1-h stay in the
underground facility, they receive effective radiation doses
ranging average 0.003e0.02 mSv/h (cf. Tables 1e5). Effective
radiation doses received every hour while the cave is open to
visitors are on the same level regardless of the time of day and
time of measurements (Figs. 2e5). The change of values are
observed only in longer time periods (seasonal). From autumn
(between October and January) to spring (between February
and April), when the air inside the cave has a higher tem-
perature than the atmospheric air, radon is carried out to the
atmosphere with the warmer air flowing out of the cave
(Fig. 6). In the warmer season between April to August, the air
in the cave is cooler than the atmospheric air outside and it is
accumulated with radon inside the route
(FijałkowskaeLichwa & Przylibski, 2011; Przylibski, 1999).
The highest effective doses of ionizing radiation defined in
compliance with UNSCEAR assumptions (2000) are recorded
in the warmermonths of the year, i.e. fromApril to the turn of
September, regardless of the time of measurement (Tables
1e5; Figs. 2e6). This fact is linked to the natural ventilation
of the facility, which uses the principle of convection triggered
as a result of temperature difference between the facility
interior and the atmosphere (see Fig. 6). April and October are
transitional periods, when a considerable change in radon
activity concentration is observed inside the cave. In diurnal
(short-term) cycles, natural convection currents are triggered,
leading limited air exchange between the cave and the at-
mosphere in April, with higher rates of air exchange restarting
in October. These movements appear when the atmospheric
air temperature rises or falls in relation to the stable temper-
ature inside the cave, which is 6.5 C during all year
(FijałkowskaeLichwa& Przylibski, 2011; Przylibski, 1999). Both
changes observed in Bear Cave in Kletno affect the estimated
dose values (Figs. 2e6).
Table 2 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2008 and June 2010 at second measuring
point (Explorers' Corridor) on the tourist route in Bear Cave in Kletno. Symbols: as in Table 1.
SRDN3 no. 5
(Explorers' Corridor)
222Rn value
Range
Mean
value
of 222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
dose
received
during 1 h
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose
received
during 1 h
Mean value
of ionizing
radiation
dose
received
each season
of the year
Mean ± SE
Standard
deviation
SD
Minimum
value of
ionizing
radiation
dose
received
each season
of the year
Maximum
value of
ionizing
radiation
dose
received
each season
of the year
Moth Comparison
of the year
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv/h] [mSv] [mSv]
minimum maximum
July 2008/2009 2293 4747 3422 ± 25 424 216 0.01 ± 0.0001 0.002 0.02 2.8 ± 0.02 0.35 1.9 3.9
2009/2010 1972 4627 3218 ± 27 449 0.01 ± 0.0001 0.002 0.02 2.6 ± 0.02 0.4 1.6 3.8
August 2008/2009 2334 4506 3482 ± 25 424 208 0.01 ± 0.0001 0.002 0.02 2.7 ± 0.02 0.3 1.8 3.5
2009/2010 96.3a 5069 3183 ± 32 542 0.01 ± 0.0001 0.002 0.02 2.5 ± 0.03 0.4 0.08 4.0
September 2008/2009 96.3a 6517 2496 ± 106 1746 168 0.009 ± 0.0004 0.007 0.02 1.6 ± 0.07 1.1 0.06 4.1
2009/2010 96.3a 10419 3361 ± 50 814 0.01 ± 0.0002 0.003 0.04 2.1 ± 0.03 0.5 0.06 6.6
October 2008/2009 96.3a 9977 3733 ± 107 1782 184 0.01 ± 0.0004 0.007 0.04 2.6 ± 0.07 1.2 0.07 6.9
2009/2010 96.3a 10822 2555 ± 107 1779 0.01 ± 0.0004 0.007 0.04 1.8 ± 0.07 1.2 0.07 7.5
November 2008/2009 96.3a 9414 2154 ± 136 2240 128 0.008 ± 0.0005 0.008 0.04 1.0 ± 0.07 1.1 0.05 4.5
2009/2010 96.3a 7081 2275 ± 95 1559 0.009 ± 0.0004 0.006 0.03 1.1 ± 0.05 0.75 0.05 3.4
December 2008/2009 96.3a 10302 1337 ± 126 2107 40 0.005 ± 0.0005 0.008 0.04 0.2 ± 0.02 0.3 0.015 1.55
2009/2010 242 6718 2121 ± 109 1816 0.008 ± 0.0004 0.007 0.03 0.3 ± 0.02 0.3 0.04 1.0
January 2008/2009 96.3a 7925 1085 ± 88 1475 90 0.004 ± 0.0003 0.006 0.03 0.4 ± 0.03 0.5 0.03 2.7
2009/2010 523 4506 1353 ± 43 724 0.005 ± 0.0002 0.003 0.02 0.5 ± 0.01 0.25 0.2 1.5
February 2008/2009 96.3a 10419 1381 ± 101 1610 160 0.005 ± 0.0004 0.006 0.04 0.8 ± 0.06 1.0 0.06 6.3
2009/2010 403 6558 2092 ± 81 1292 0.008 ± 0.0003 0.005 0.02 1.3 ± 0.05 0.8 0.2 4.0
March 2008/2009 121 8931 2178 ± 106 1767 136 0.008 ± 0.0004 0.007 0.03 1.1 ± 0.05 0.9 0.06 4.6
2009/2010 282 6035 2834 ± 77 1280 0.01 ± 0.0003 0.005 0.02 1.45 ± 0.04 0.7 0.1 3.1
April 2008/2009 1730 7764 4878 ± 69 1127 176 0.02 ± 0.0003 0.004 0.03 3.2 ± 0.05 0.75 1.1 5.15
2009/2010 1006 5150 3406 ± 53 875 0.01 ± 0.0002 0.003 0.02 2.3 ± 0.035 0.6 0.7 3.4
May 2008/2009 96.3a 10862 3965 ± 71 1187 208 0.015 ± 0.0003 0.004 0.04 3.1 ± 0.06 0.9 0.08 8.5
2009/2010 2012 6477 4016 ± 48 801 0.015 ± 0.0002 0.003 0.02 3.1 ± 0.04 0.6 1.6 5.1
June 2008/2009 1891 6155 3757 ± 46 755 192 0.01 ± 0.0002 0.003 0.02 2.7 ± 0.03 0.5 1.4 4.5
2009/2010 1931 5230 3536 ± 36 584 0.01 ± 0.0001 0.002 0.02 2.6 ± 0.03 0.4 1.4 3.8
Estimated dose value [mSv/year] 2008/2009 ~22.0 e >6.0 >55.0
2009/2010 >21.0 e >6.0 >45.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3 probe No. 5 (Przylibski et al., 2010).
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Table 3 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2008 and June 2010 at third measuring point
(Palace Hall) on the tourist route in Bear Cave in Kletno. Symbols: as in Table 1.
SRDN3 no. 6 (Palace
Hall)
222Rn value
Range
Mean
value of
222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
dose
received
during 1 h
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose received
during 1 h
Mean value
of ionizing
radiation
dose
received
each season
Mean ± SE
Standard
deviation
SD
Minimum value
of ionizing
radiation dose
received each
season of the
year
Maximum value
of ionizing
radiation dose
received each
season of the
year
Month Comparison
of the year
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
minimum maximum
July 2008/2009 2224 4742 3422 ± 26 439 216 0.01 ± 0.0001 0.002 0.02 2.8 ± 0.02 0.4 1.8 3.9
2009/2010 2513 5196 3614 ± 28 461 0.01 ± 0.0001 0.002 0.02 2.9 ± 0.02 0.4 2.0 4.2
August 2008/2009 2141 5031 3494 ± 29 485 208 0.01 ± 0.0001 0.002 0.02 2.7 ± 0.02 0.4 1.7 3.9
2009/2010 2306 4659 3408 ± 26 436 0.01 ± 0.0001 0.002 0.02 2.7 ± 0.02 0.3 1.8 3.65
September 2008/2009 95a 5897 2434 ± 102 1668 168 0.009 ± 0.0004 0.006 0.02 1.5 ± 0.06 1.1 0.06 3.7
2009/2010 1646 4866 3505 ± 34 552 0.01 ± 0.0001 0.002 0.02 2.2 ± 0.02 0.35 1.0 3.1
October 2008/2009 95a 7094 3465 ± 87 1461 184 0.01 ± 0.0003 0.006 0.03 2.4 ± 0.06 1.0 0.07 4.9
2009/2010 95a 6475 2563 ± 99 1652 0.01 ± 0.0004 0.006 0.02 1.8 ± 0.07 1.1 0.07 4.5
November 2008/2009 95a 6269 2297 ± 106 1744 128 0.009 ± 0.0004 0.007 0.02 1.1 ± 0.05 0.8 0.05 3.0
2009/2010 95a 6104 2817 ± 99 1634 0.01 ± 0.0004 0.006 0.02 1.4 ± 0.05 0.8 0.05 2.9
December 2008/2009 95a 8126 1598 ± 113 1880 40 0.006 ± 0.0004 0.007 0.03 0.2 ± 0.02 0.3 0.01 1.2
2009/2010 243 6517 1921 ± 95 1581 0.007 ± 0.0004 0.006 0.025 0.3 ± 0.01 0.2 0.04 1.0
January 2008/2009 95a 4453 810 ± 50 831 90 0.003 ± 0.0002 0.003 0.02 0.3 ± 0.02 0.3 0.03 1.5
2009/2010 284 4040 1112 ± 42 697 0.004 ± 0.0002 0.003 0.015 0.4 ± 0.01 0.2 0.1 1.4
February 2008/2009 95a 4123 1071 ± 58 921 160 0.004 ± 0.0002 0.003 0.02 0.6 ± 0.035 0.6 0.06 2.5
2009/2010 201 6021 1772 ± 79 1247 0.007 ± 0.0003 0.005 0.02 1.1 ± 0.05 0.75 0.1 3.6
March 2008/2009 201 6475 1805 ± 79 1315 136 0.007 ± 0.0003 0.005 0.02 0.9 ± 0.04 0.7 0.1 3.3
2009/2010 449 5485 2666 ± 87 1446 0.01 ± 0.0003 0.005 0.02 1.4 ± 0.04 0.7 0.2 2.8
April 2008/2009 1398 7796 5166 ± 71 1161 176 0.02 ± 0.0003 0.004 0.03 3.4 ± 0.05 0.7 0.9 5.2
2009/2010 697 5856 3388 ± 59 966 0.01 ± 0.0002 0.004 0.02 2.2 ± 0.04 0.6 0.5 3.9
May 2008/2009 1770 6640 4282 ± 52 866 208 0.02 ± 0.0002 0.003 0.025 3.4 ± 0.04 0.7 1.4 5.2
2009/2010 1770 6021 3914 ± 51 855 0.015 ± 0.0002 0.003 0.02 3.1 ± 0.04 0.7 1.4 4.7
June 2008/2009 2554 6269 4074 ± 41 681 192 0.015 ± 0.0002 0.003 0.02 2.9 ± 0.03 0.5 1.8 4.5
2009/2010 1729 4494 2808 ± 29 472 0.01 ± 0.0001 0.002 0.02 2.0 ± 0.02 0.3 1.25 3.25
Estimated dose value [mSv/year] 2008/2009 ~22.0 e ~8.0 >40.0
2009/2010 ~22.0 e >8.0 ~40.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3 probe No. 6 (Przylibski et al., 2010).
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Table 4 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2010 and the end of January 2011 at three
measuring points on the tourist route in Bear Cave in Kletno.
Month Comparison of
the measuring
point
222Rn value
Range
Mean
value
of222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
Dose
received
during 1 h
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose
received
during 1 h
Mean value of
ionizing
radiation dose
received each
season of
measurements
Mean ± SE
Standard
deviation
SD
Minimum value
of ionizing
radiation dose
received each
season of
measurements
Maximum
value of
ionizing
radiation dose
received each
season of
measurements
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
minimum maximum
July 2010 Lion Hall 2338 5102 3671 ± 29 491 216 0.01 ± 0.0001 0.002 0.02 3.0 ± 0.02 0.4 1.9 4.2
Explorers' Corridor 1811 4466 2996 ± 28 471 0.01 ± 0.0001 0.002 0.02 2.4 ± 0.02 0.4 1.5 3.6
August Lion Hall 1100 5845 3682 ± 37 620 208 0.01 ± 0.0001 0.002 0.02 2.9 ± 0.02 0.4 2.1 4.6
Explorers' Corridor 1207 4466 3066 ± 30 501 0.01 ± 0.0001 0.002 0.02 2.4 ± 0.02 0.4 0.95 3.5
September Lion Hall 853 7661 3991 ± 58 953 168 0.015 ± 0.0002 0.004 0.03 2.5 ± 0.04 0.6 0.5 4.85
Explorers' Corridor 684 5230 3272 ± 59 964 0.01 ± 0.0002 0.004 0.02 2.1 ± 0.04 0.6 0.4 3.3
October Lion Hall 110 9146 2905 ± 108 1803 184 0.01 ± 0.0004 0.007 0.03 2.0 ± 0.07 1.25 0.08 6.3
Explorers' Corridor 96.3a 7362 2093 ± 91 1515 0.008 ± 0.0003 0.006 0.03 1.45 ± 0.06 1.05 0.07 5.1
November Lion Hall 94a 11581 2956 ± 136 2233 128 0.01 ± 0.0005 0.008 0.04 1.4 ± 0.07 1.1 0.045 5.6
Explorers' Corridor 96.3a 9655 2379 ± 112 1838 0.009 ± 0.0004 0.007 0.04 1.1 ± 0.05 0.9 0.05 4.7
December Lion Hall 192 8156 1664 ± 85 1417 40 0.006 ± 0.0003 0.005 0.03 0.25 ± 0.01 0.2 0.03 1.2
Explorers' Corridor 161 7282 1441 ± 77 1291 0.005 ± 0.0003 0.005 0.03 0.2 ± 0.01 0.2 0.02 1.1
January
2011
Lion Hall 564 8115 3077 ± 104 1744 90 0.01 ± 0.0004 0.007 0.03 1.0 ± 0.035 0.6 0.2 2.75
Explorers' Corridor 362 7201 2511 ± 98 1645 0.009 ± 0.0004 0.006 0.03 0.85 ± 0.03 0.6 0.1 2.4
Estimated dose value [mSv] Lion Hall ~14.0 e >4.0 ~30.0
Explorers' Corridor ~10.0 e >3.0 >20.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3, different for each semiconductor detector (Przylibski et al., 2010).
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Table 5 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2011 and the end of January 2012 at two
measuring points on the tourist route in Bear Cave in Kletno. Symbols: as in Table 1.
Month Comparison of
the measuring
point
222Rn value
Range
Mean
value
of222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
Dose
received
during 1 h
hour
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose
received
during1
hour
Mean value of
ionizing
radiation dose
received each
season of
measurements
Mean ± SE
Standard
deviation
SD
Minimum
value of
ionizing
radiation dose
received each
season of
measurements
Maximum
value of
ionizing
radiation dose
received each
season of
measurements
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
minimum maximum
July 2011 Lion Hall 1442 4966 3225 ± 37 617 216 0.01 ± 0.0001 0.002 0.02 2.6 ± 0.03 0.5 1.2 4.0
Explorers' Corridor 1628 4782 3137 ± 33 542 0.01 ± 0.0001 0.002 0.02 2.55 ± 0.03 0.4 1.3 3.9
Palace Hall 1614 4609 2929 ± 30 501 0.01 ± 0.0001 0.002 0.02 2.4 ± 0.02 0.4 1.3 3.75
August Lion Hall 1549 4503 3031 ± 29 482 208 0.01 ± 0.0001 0.002 0.02 2.4 ± 0.02 0.4 1.2 3.5
Explorers' Corridor 1856 4478 2931 ± 28 468 0.01 ± 0.0001 0.002 0.02 2.3 ± 0.02 0.4 1.45 3.5
Palace Hall 1341 3826 2701 ± 27 453 0.01 ± 0.0001 0.002 0.01 2.1 ± 0.02 0.35 1.05 3.0
September Lion Hall 909 4645 3206 ± 36 589 168 0.01 ± 0.0001 0.002 0.02 2.0 ± 0.02 0.4 0.6 2.9
Explorers' Corridor 868 4744 3047 ± 36 598 0.01 ± 0.0001 0.002 0.02 1.9 ± 0.02 0.4 0.55 3.0
Palace Hall 62.7a 4984 2810 ± 46 768 0.01 ± 0.0001 0.002 0.02 1.8 ± 0.02 0.4 0.04 3.2
October Lion Hall 83,6a 9948 2382 ± 113 1893 184 0.009 ± 0.0004 0.007 0.04 1.65 ± 0.08 1.3 0.06 6.9
Explorers' Corridor 82.8a 7062 2041 ± 100 1668 0.008 ± 0.0004 0.006 0.03 1.4 ± 0.07 1.2 0.06 4.9
Palace Hall 62.7a 4779 1611 ± 81 1354 0.006 ± 0.0003 0.005 0.02 1.1 ± 0.06 0.9 0.04 3.3
November Lion Hall 83.6a 5499 1548 ± 90 1481 128 0.006 ± 0.0003 0.006 0.02 0.7 ± 0.04 0.7 0.04 2.65
Explorers' Corridor 82.8a 4896 1441 ± 89 1465 0.005 ± 0.0003 0.006 0.02 0.7 ± 0.04 0.7 0.04 2.4
Palace Hall 62.7a 3860 1068 ± 65 1086 0.004 ± 0.0002 0.004 0.015 0.5 ± 0.03 0.5 0.03 1.9
December Lion Hall 83.6a 11763 3346 ± 146 2436 40 0.01 ± 0.0005 0.009 0.04 0.5 ± 0.02 0.4 0.01 1.8
Explorers' Corridor 82.8a 11166 3310 ± 152 2545 0.01 ± 0.0006 0.01 0.04 0.5 ± 0.02 0.4 0.01 1.7
Palace Hall 62.7a 6549 2345 ± 95 1581 0.009 ± 0.0004 0.006 0.025 0.35 ± 0.01 0.2 0.009 1.0
January
2012
Lion Hall 83.6a 14112 2599 ± 173 2894 90 0.01 ± 0.0007 0.01 0.05 0.9 ± 0.06 1.0 0.03 4.8
Explorers' Corridor 82.8a 13902 2522 ± 175 2923 0.01 ± 0.0007 0.01 0.05 0.9 ± 0.06 1.0 0.03 4.7
Palace Hall 62.7a 7775 1559 ± 106 1768 0.006 ± 0.0004 0.007 0.03 0.5 ± 0.04 0.6 0.02 2.6
Estimated dose value [mSv] Lion Hall ~10.0 e ~4.0 >20.0
Explorers' Corridor ~10.0 e ~4.0 >20.0
Palace Hall >8.0 e ~3.0 ~20.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3a, different for each semiconductor detector (FijałkowskaeLichwa, 2012).
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Table 6 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between July 2010 and June 2011 at twomeasuring points
(Black Adit and Gertruda Adit) outside the tourist route in the Gold Mine complex in Złoty Stok. Symbols: as in Table 1. Bold marks: the values of estimated ionizing
radiation doses are 10 times higher than on the tourist route.
Comparison of the
measuring points
222Rn value
Range
Mean
value
of222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
dose
received
during 1 h
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose received
during 1 h
Mean value of
ionizing
radiation dose
received each
season of the
year
Mean ± SE
Standard
deviation
SD
Minimum value
of ionizing
radiation dose
received each
season of the
year
Maximum value
of ionizing
radiation dose
received each
season of the
year
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
minimum maximum
July 2010 Black Adit 992 3705 2200 ± 29 518 225 0.008 ± 0.0001 0.002 0.01 1.9 ± 0.02 0.4 0.8 3.1
Gertruda Adit 30164 63714 40054 ± 391 6884 0.15 ± 0.0015 0.03 0.2 34.0 ± 0.3 5.8 25.6 54.1
August Black Adit 1183 5997 2100 ± 38 665 225 0.008 ± 0.0001 0.003 0.02 1.8 ± 0.03 0.6 1.0 5.1
Gertruda Adit 34031 63285 41709 ± 339 5973 0.2 ± 0.001 0.02 0.2 35.4 ± 0.3 5.1 28.9 53.7
September Black Adit 190 4851 1958 ± 44 765 216 0.007 ± 0.0002 0.003 0.02 1.6 ± 0.04 0.6 0.15 3.95
Gertruda Adit 30555 69456 40982 ± 477 8262 0.15 ± 0.002 0.03 0.3 33.4 ± 0.4 6.7 24.9 56.6
October Black Adit 96.5a 3017 604 ± 32 555 225 0.002 ± 0.0001 0.002 0.01 0.5 ± 0.03 0.5 0.08 2.6
Gertruda Adit 13878 48053 26281 ± 425 7484 0.1 ± 0.002 0.03 0.2 22.3 ± 0.4 6.35 11.8 40.8
November Black Adit 96.5a 5730 1080 ± 81 1255 168 0.004 ± 0.0003 0.005 0.02 0.7 ± 0.05 0.8 0.06 3.6
Gertruda Adit 8605 49185 26726 ± 508 7874 0.1 ± 0.002 0.03 0.2 17 ± 0.3 5.0 5.45 31.15
December Black Adit 96.5a 495 168 ± 5 80 175 0.001 ± 0.00002 0. 0.002 0.1 ± 0.003 0.05 0.06 0.3
Gertruda Adit 10480 66409 21372 ± 502 7908 0.08 ± 0.002 0.03 0.25 14.1 ± 0.3 5.2 6.9 43.8
January
2011
Black Adit 96.5a 2253 339 ± 22 341 175 0.001 ± 0.0001 0.001 0.01 0.2 ± 0.01 0.2 0.06 1.5
Gertruda Adit 12433 77580 27010 ± 803 12639 0.1 ± 0.003 0.05 0.3 17.8 ± 0.5 8.3 8.2 51.2
February Black Adit 96.5a 992 205 ± 9 132 168 0.001 ± 0.00003 0.0 0.004 0.1 ± 0.006 0.08 0.06 0.6
Gertruda Adit 10636 73205 24852 ± 675 10109 0.09 ± 0.0025 0.04 0.3 15.7 ± 0.4 6.4 6.7 46.4
March Black Adit 96.5a 1183 346 ± 14 217 175 0.001 ± 0.0001 0.001 0.004 0.2 ± 0.009 0.1 0.06 0.8
Gertruda Adit 14073 83009 30050 ± 938 14775 0.1 ± 0.0035 0.06 0.3 19.8 ± 0.6 9.75 9.3 54.8
April Black Adit 96.5a 5501 1382 ± 71 1225 216 0.005 ± 0.003 0.005 0.02 1.1 ± 0.06 1.0 0.08 4.5
Gertruda Adit 17393 49693 29839 ± 377 6525 0.1 ± 0.001 0.02 0.2 24.3 ± 0.3 5.3 14.2 40.5
May Black Adit 113 14518 3838 ± 172 3034 225 0.01 ± 0.0006 0.01 0.05 3.3 ± 0.15 2.6 0.1 12.3
Gertruda Adit 16065 45436 27477 ± 340 5982 0.1 ± 0.001 0.02 0.2 23.3 ± 0.3 5.1 13.6 38.5
June 2011 Black Adit 1031 4469 2539 ± 31 539 216 0.01 ± 0.0001 0.002 0.02 2.1 ± 0.025 0.4 0.8 3.6
Gertruda Adit 22978 47193 32057 ± 339 5872 0.1 ± 0.001 0.02 0.2 26.1 ± 0.3 4.8 18.7 38.4
Estimated dose value [mSv/year] Black Adit (outside tourist route) >13.0 e >3.0 >40.0
Gertruda Adit (outside tourist route) >280.0 e >150.0 >500.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3 probe No. 2 (Przylibski et al., 2010).
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Table 7 e Comparison of estimated effective ionizing radiation dose values received by employees and visitors between June 2008 and December 2008 at two measuring
points outside the tourist route in the Underground Educational Tourist Route in the Old Uranium Mine in Kletno. Symbols: as in Table 1.
222Rn value
Range
Mean
value
of222Rn
Mean ± SE
Standard
deviation
SD
Work
hours
Dose workers and tourists Dose workers
Mean value
of ionizing
radiation
dose
received
during
1 h
Mean ± SE
Standard
deviation
SD
Maximum
value of
ionizing
radiation
dose
received
during 1 h
Mean value of
ionizing
radiation dose
received each
season of the
measurements
Mean ± SE
Standard
deviation
SD
Minimum value
of ionizing
radiation dose
received each
season of the
measurements
Maximum
value of
ionizing
radiation dose
received each
season of the
measurements
Comparison of the
measuring points
[Bq$m3] [Bq$m3] [Bq$m3] [h] [mSv/h] [mSv/h] [mSv/h] [mSv] [mSv] [mSv] [mSv]
minimum maximum
June 2008 SRDN3 No. 2 916 22274 13049 ± 248 4082 176 0.05 ± 0.0009 0.015 0.08 8.7 ± 0.2 2.7 0.6 14.8
SRDN3 No. 3 169 31102 11933 ± 625 10275 0.045 ± 0.002 0.04 0.1 7.9 ± 0.4 6.8 0.1 20.6
July SRDN3 No. 2 228 16352 6575 ± 256 4283 184 0.02 ± 0.001 0.02 0.06 4.6 ± 0.2 3.0 0.2 11.3
SRDN3 No. 3 94.8a 8293 1617 ± 70 1176 0.006 ± 0.0003 0.004 0.03 1.1 ± 0.05 0.8 0.07 5.75
August SRDN3 No. 2 304 10086 4266 ± 110 1835 184 0.02 ± 0.0004 0.007 0.04 3.0 ± 0.08 1.3 0.2 7.0
SRDN3 No. 3 94.8a 4699 1590 ± 58 977 0.006 ± 0.0002 0.004 0.02 1.1 ± 0.04 0.7 0.07 3.3
September SRDN3 No. 2 96.5a 11270 3546 ± 229 3760 176 0.01 ± 0.0009 0.01 0.04 2.35 ± 0.15 2.5 0.06 7.5
RDN3 No. 3 94.8a 4231 826 ± 40 659 0.003 ± 0.0002 0.0025 0.02 0.5 ± 0.03 0.4 0.06 2.8
October SRDN3 No. 2 96.5a 15893 4121 ± 244 4081 184 0.02 ± 0.0009 0.015 0.06 2.9 ± 0.2 2.8 0.07 11.0
SRDN3 No. 3 94.8a 4777 1202 ± 45 759 0.0045 ± 0.0002 0.003 0.02 0.8 ± 0.03 0.5 0.07 3.3
November SRDN3 No. 2 96.5a 17383 2860 ± 199 3274 176 0.01 ± 0.0008 0.01 0.07 1.9 ± 0.1 2.2 0.06 11.5
SRDN3 No. 3 94.8a 2903 1199 ± 39 639 0.0045 ± 0.0001 0.002 0.01 0.8 ± 0.03 0.4 0.06 1.9
December
2008
SRDN3 No. 2 96.5a 10659 3131 ± 163 2730 184 0.01 ± 0.0006 0.01 0.04 2.2 ± 0.1 1.9 0.07 7.4
SRDN3 No. 3 94.8a 2903 1166 ± 42 703 0.004 ± 0.0002 0.003 0.01 0.8 ± 0.3 0.5 0.07 2.0
Estimated dose value [mSv] First measuring point ~25.0 e ~3.0 >50.0
Second measuring point >10.0 e >2.0 >30.0
a Value of Low Limit Detection (LLD) estimated after calibration SRDN3, different for each semiconductor detector (Przylibski et al., 2010).
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Fig. 2 e Values of estimated effective ionizing radiation dose from 222Rn received by employees and visitors during each
hours, when the facility is open from July 2008 to June 2009 at first measuring point (Lion Hall) in Bear Cave in Kletno.
Markings on figure: square symbol e arithmetic mean of estimated effective ionizing radiation dose, whiskers e standard
error of the arithmetic mean.
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The GoldMine complex in Złoty Stok is open to visitors all year
round daily from Monday to Sunday, from 9 a.m. to 6 p.m. inFig. 3 e Values of estimated effective ionizing radiation dose fr
hours, when the facility is open from July 2009 to June 2010 at
Markings on figure: as in Fig. 1.the summer season and from 9 a.m. to 4 p.m. in the winter
season. The summer season starts on April 1 and ends on
October 31, while the winter season lasts from November 1 to
March 31. With the 7-h working day in the winter season,om 222Rn received by employees and visitors during each
first measuring point (Lion Hall) in Bear Cave in Kletno.
Fig. 4 e Values of estimated effective ionizing radiation dose from 222Rn received by employees and visitors during each
hours, when the facility is open from July 2010 to January 2011 at first measuring point (Lion Hall) in Bear Cave in Kletno.
Markings on figure: as in Fig. 1.
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the summer season e 216e220 h a month (Table 6). In the
winter season, visitors are served by 5 guides and in the
summer season e by 12 guides. It should be emphasized that
visitors are served by two guides during one tour: one guide
shows them round Czarna (Black) Adit and another one e
round Gertruda Adit.Fig. 5 e Values of estimated effective ionizing radiation dose fr
hours, when the facility is open from July 2011 to January 2012
Markings on figure: as in Fig. 1.In order to determine the annual effective radiation dose
received by employees and visitors in The Gold Mine complex
in Złoty Stok, the results of radon activity concentration
measurements conducted for 12 months from June 2010 to
the end of May 2011 were used (Table 6). The measurements
had been performed in two adits in the tourist complex in
Złoty Stok, but the measurement posts had been placed
outside the tourist route. Such a location of the measurementom 222Rn received by employees and visitors during each
at first measuring point (Lion Hall) in Bear Cave in Kletno.
Fig. 6 e Course of radon activity concentration evolution between July 2008 and January 2012 at first measuring point (Lion
Hall) in Bear Cave in Kletno. Markings on figure: points emean value of 222Rn activity concentration measured during time
periods.
J o u r n a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 3 3 4e3 5 3348post in Black Adit was chosen to ensure the safety of the
measuring device. However, the results obtained, are com-
parable to those obtained in the 1990s by Przylibski inside the
tourist part of the adit (Przylibski, 2001). Therefore, the re-
sults of radon activity concentration measurements obtained
by this study can be regarded as accurate and suitable for
estimating the annual effective radiation dose to whichFig. 7 e Values of estimated effective ionizing radiation dose fr
hours, when the facility is open from July 2010 to June 2011 at fir
Złoty Stok. Markings on figure: as in Fig. 1.guides and tourists are exposed from July 2010 to June 2011
(Table 6). The situation looks a bit different in Gertruda Adit.
The values of radon activity concentration recorded in the
‘nonetourist’ part of the mine can be higher than those
observed by the entrance to the facility and along the tourist
route even by one order of magnitude. This is connected with
the location of the measurement post in a fault zone and in aom 222Rn received by employees and visitors during each
st measuring point (Black Adit) in the Gold Mine complex in
Fig. 8 e Course of radon activity concentration evolution between July 2010 and June 2011 at first ¡ Black Adit measuring
point in the Gold Mine complex in Złoty Stok. Markings on figure: as in Fig. 6.
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estimated values of the effective radiation dose received
along the facility's tourist route can be 10 times lower than
those determined outside the route (Table 6). Therefore, it
would be improper to adopt the results of radon activity
concentration measurements performed at a measurement
point located outside the tourist route as representative of
the ‘tourist’ part of the adit and suitable for determining theFig. 9 e Course of radon activity concentration evolution betwe
measuring point in the Gold Mine complex in Złoty Stok. Markilevel of radiation exposure of guides and visitors to Gertruda
Adit. In Przylibski's research (2001) attention was also drawn
to this situation. Therefore, an attempt to assess the proba-
bility of exposure for employees and members of the public
staying in the tourist part of Gertruda adit was based on the
results of radon activity concentration measurements per-
formed from July 2010 to June 2011 and taking into account
Przylibski's research (2001).en July 2010 and June 2011 at second ¡ Gertruda Adit
ngs on figure: as in Fig. 6.
Fig. 10 e Values of estimated effective ionizing radiation dose from 222Rn received by employees and visitors during each
hours, when the facility is open from June 2008 to December 2008 at first measuring point in the Underground Educational
Tourist Route in the Old Uranium Mine in Kletno. Markings on figure: as in Fig. 1.
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probability of receiving an effective radiation dose higher than
the allowable annual limit, defined by the current regulations
(Regulation, 2005) as 20 mSv/year for employees and 1 mSv/
year for the general public, is negligible (Table 6). Assuming
that the time of the employees' work devoted to serving visi-
tors was the same as the opening time of the facility, the
annual effective radiation dose to which they were exposed in
this part of the route was about 13 mSv/year (Table 6). The
calculations of the annual effective radiation dose took into
account the varying opening time of the facility. The values of
effective radiation dose are dependent on the seasonal
changes of radon activity concentration but are not dependent
on the hour ofmeasurement during a day (short-term, diurnal
cycles) (Figs. 7e8). The highest values of radon activity con-
centration and effective radiation dose are noticed in warmer
periods of the year (Figs. 7e8).
In Gertruda Adit in Złoty Stok, the obtained values of
effective radiation dose were 10 times lower than those ob-
tained outside the route (Table 5). However, they will still be
much higher than the allowable annual limit of 20 mSv/year
defined for employees of such facilities (Regulation, 2005).
Being aware of the hazard, the unit head should allocate
guides serving visitors to the adit to category A or B of
exposed workers and further assess and supervise their
working conditions in compliance with the guidelines spec-
ified by law (Ustawa, 2000; c. 3, art. 17, para. 3 & 4). Addi-
tionally, in order to verify the observed problem, the head of
the unit should undertake environmental monitoring or in-
dividual dosimetry of people based in the tourist route in
Gertruda Adit.The adits in the Gold Mine complex in Złoty Stok are not
equipped with a mechanical ventilation system. Radon accu-
mulation and an increase in its activity concentration occurs
when convection currents are present, i.e. from 11 a.m. to 9
p.m. in spring, from 8 a.m. to 6 p.m. in summer and from 1
p.m. to 8 p.m. in winter. In autumn, one can observe fast
accumulation of radon in the stagnating air inside the adit
(Fig. 9). In Gertruda Adit, like in Czarna (Black) Adit the level of
effective radiation dose is connected with the seasonal
changes of radon activity concentration (Fig. 10). Higher
values of radon activity concentration and effective radiation
dose are recorded in warmer periods of the year (from April to
September) (see Fig. 10).
3.3. The Underground Educational Tourist Route in the
Old Uranium Mine in Kletno
The values of ionizing radiation doses received by workers
and tourists in the Underground Educational Tourist Route in
the Old Uranium Mine in Kletno in 2009 were published by
FijałkowskaeLichwa (2014). Therefore, the values of ionizing
radiation doses based on results of radon activity concentra-
tions were estimated for 7 months, from June to the end of
December 2008 at measuring points outside the tourist route.
The location of themeasurement equipment was chosenwith
a view to ensuring its security and protecting it from potential
destruction or damage by visitors. However, it does not
change the fact that the measurement results obtained in
these places are also representative of the part of the adit
which is accessible to visitors. The measurement points were
located in the same lithological conditions (rocks of igneous
Fig. 11 e Course of radon activity concentration evolution between June and December 2008 at two measuring points in the
Underground Educational Tourist Route in the Old Uranium Mine in Kletno. Markings on figure: as in Fig. 6.
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gneisses and Snie _znik granite gneisses) and climatic condi-
tions (air circulation) as those observed along the tourist
route. The adopted assumptions were published by Fijał-
kowskaeLichwa in 2014 and FijałkowskaeLichwa& Przylibski,
2011.
From the data published on the website of the Under-
ground Educational Tourist Route in the Old UraniumMine in
Kletno (www.kletno.pl, 10 August 2013), it was found out that
visitors to the facility are served for 8 h a day, from 10 a.m. to 6
p.m., daily except Monday and Thursday. With this assump-
tion, the facility is closed for 8 days a month. In 2012, the
opening hours were changed and the tourist route was open
daily from 9 a.m. to 5 p.m. The changed schedule has been
taken into account during estimating the values of effective
ionizing radiation doses (Table 7; Fig. 11).
The assessment of the guides' exposure along the Under-
ground Educational Tourist Route in the Old UraniumMine in
Kletno points to the necessity of allocating the facility's em-
ployees to category A or B exposedworkers (Ustawa, 2000; c. 3,
art. 9, para. 2, art. 17, para. 2, 6). This would set the basis for
further assessment and supervision of their working condi-
tions (Ustawa, 2000; c. 3, art. 17, para. 3e5). The effective ra-
diation doses allowed for category B employees were received
by the guides employed in the Kletno adit as early as after a
month's work and doses allowed for category A workers were
exceeded after a few months' work (Table 7; Fig. 11). A similar
situation was observed in 2009 by FijałkowskaeLichwa (2014).
Along the Underground Educational Tourist Route in the
Old Uranium Mine in Kletno, the effective doses of ionizing
radiation are not dependent on the hour of measurement, but
is linked to natural factors (convection) and to the amount oftime that the mechanical ventilation system is turned off
during the tours (Fig. 10). The convection occurs in winter
(from October to January), when the temperature inside the
tourist route is higher than that of the atmospheric air.
Thanks that, from 9 a.m. to 5 p.m. when mechanical ventila-
tion is disconnected convection air movements transporting
large amounts of radon out into the atmosphere. When con-
vection does not occur, in late spring (April) and summer
(MayeAugust), its concentration inside the adit is almost a
third of that recorded in winter (Fig. 11). This problem was
described in some detail by FijałkowskaeLichwa and
Przylibski (2011) and FijałkowskaeLichwa (2014).4. Conclusions
The risk of radiation exposure exists in each of the selected
underground facilities. The risk was estimated based on
values of ionizing radiation doses, received by workers and
visitors spending time inside the underground facilities.
Guides employed in the discussed underground facilities,
doing their work in conditions varying during the year are at
risk of receiving doses that exceed the allowable annual
effective radiation dose of 20 mSv/year (Regulation, 2005, art.
2, para. 1). This is especially apparent in the Underground
Educational Tourist Route in the Old Uranium Mine in Kletno
(Table 7) and in the Gold Mine complex in Złoty Stok (Table 6).
In Bear Cave in Kletno, the exposure exceeding the annual
effective radiation dose allowed by the law is much smaller
and particularly evident at the first stop along the tourist
route, i.e. Lion Hall (Tables 1e5).
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the studied underground facilities are in danger of receiving
effective radiation doses close to or higher than the values
allowed for category A or B of workers in eachmonth of a year.
In Bear Cave in Kletno, doses close to 1 mSv are recorded be-
tween December and March and from October to November,
while doses close to 6 mSv e in April and from June to August
each year of measurements. The employees of Bear Cave in
Kletno received the highest radiation doses in May (Figs. 2e5).
Both along the Underground Educational Tourist Route in the
Old Uranium Mine in Kletno and in the Gold Mine complex in
Złoty Stok, all the employees received effective ionizing radi-
ation doses higher than the annual effective dose allowed for
category B workers after a month's work (Table 6; Fig. 6). The
risk of receiving values equal to or higher than the annual
effective radiation dose adopted as allowable for category A
workers is the highest for the guides in Bear Cave in Kletno
after 4e5 months' work (Tables 1e5; Figs. 2e5), in the Under-
ground Educational Tourist Route in the Old UraniumMine in
Kletno after 2e4 months'work (Table 7; Fig. 7) and in the Gold
Mine complex in Złoty Stokeafter 3e4 months' work (Table 6;
Fig. 6).
The probability of tourists receiving an effective radiation
dose exceeding the allowable annual limit of 1 mSv/year,
specified by the Atomic Law, does not exist in any of the
studied facilities (Tables 1e7). This is due to the short duration
of a site tour (spent inside the space).
The values of estimated effective ionizing radiation doses
are greatly influenced by the observed changing values of
radon activity concentration. In Bear Cave in Kletno, the most
important role is played by natural convection air exchange
between the facility interior and the atmosphere, activated in
the warmer parts of the year (from April to September/
October). The estimated values of effective radiation dose
received along the Underground Educational Tourist Route in
the Old Uranium Mine in Kletno do not depend on the time
when radon activity concentration is measured. However,
they are linked to natural factors (convection) and deacti-
vating the mechanical ventilation of the facility. In Black Adit
in the Gold Mine complex in Złoty Stok, the estimated values
of the effective radiation dose clearly depend on the recorded
values of radon activity concentration. The action of con-
vection currents leads to radon accumulation at the times
when the adit is open to visitors in spring, summer and
winter. Gertruda Adit, like Black Adit, does not have a forced
ventilation system. Unfortunately, natural air exchange,
chiefly in the studied nonetourist part of the adit, is not
strong enough to have any considerable influence on
lowering or increasing the estimated values of radon activity
concentration, and consequently of the value of effective
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